West CA, Shaw S, Sasser JM, Fekete A, Alexander T, Cunningham MW Jr, Masilamani SM, Baylis C. Chronic vasodilation increases renal medullary PDE5A and ␣-ENaC through independent renin-angiotensin-aldosterone system pathways. via diet], enalapril (ENAL; angiotensin-converting enzyme inhibitor, 62.5 mg/l via water), or vehicle (CON). Mean arterial pressure (MAP) was reduced 7.4 Ϯ 0.5% with NIF, 6.33 Ϯ 0.5% with NIF ϩ SPR, 13.3 Ϯ 0.9% with NIF ϩ LOS, and 12.0 Ϯ 0.4% with ENAL vs. baseline MAP. Compared with CON (3.6 Ϯ 0.3%), plasma volume factored for body weight was increased by NIF (5.2 Ϯ 0.4%) treatment but not by NIF ϩ SPR (4.3 Ϯ 0.3%), NIF ϩ LOS (3.6 Ϯ 0.1%), or ENAL (4.0 Ϯ 0.3%). NIF increased PDE5A protein abundance in the renal inner medulla, and SPR did not prevent this increase (188 Ϯ 16 and 204 Ϯ 22% of CON, respectively). NIF increased the ␣-subunit of the epithelial sodium channel (␣-ENaC) protein in renal outer (365 Ϯ 44%) and inner (526 Ϯ 83%) medulla, and SPR prevented these changes. There was no change in either PDE5A or ␣-ENaC abundance vs. CON in rats treated with NIF ϩ LOS or ENAL. These data indicate that the PVE and renal medullary adaptations in response to chronic vasodilation result from RAAS signaling, with increases in PDE5A mediated through AT 1 receptor and ␣-ENaC through the MR.
RENAL SODIUM AND WATER RETENTION are required to support the plasma volume expansion (PVE) of a healthy pregnancy (2) . In women, plasma volume (PV) expands ϳ40% and is necessary for perfusion of the growing uterus, placenta, and fetus (4) . Inadequate volume expansion is associated with pregnancies compromised by fetal growth restriction (3, 31) . Furthermore, prevention of PVE through restriction of either sodium or water intake during late pregnancy in the rat results in growthrestricted pups (28, 30) .
Although the mechanisms of increased sodium reabsorption in pregnancy are still largely unknown, recent work highlights the importance of the collecting duct. We have reported increased abundance and activity of phosphodiesterase 5A (PDE5A) in the inner medulla of the normal pregnant kidney (24) . Increased PDE5A activity in the inner medulla blunts the cGMP-mediated natriuretic actions of atrial natriuretic peptide (ANP) and nitric oxide (NO) in the pregnant rat (15, 24, 33) . Furthermore, chronic inhibition of PDE5A with sildenafil in the pregnant rat attenuates renal sodium retention and PVE (32) . This local increase of PDE5A in the renal medulla permits selective loss of the natriuretic responses to ANP and NO, whereas the cortical vasodilatory actions are maintained.
In addition, we recently examined the protein profile of the major sodium transporters/channels along the renal tubule during pregnancy and found that the only protein consistently upregulated throughout gestation was the ␣-subunit of the epithelial sodium channel (␣-ENaC) (38) . ENaC is a heteromultimeric channel composed of three homologous subunits (␣, ␤, ␥), with ␣-ENaC being the rate-limiting subunit for channel formation (21) . We also found that ENaC blockade with benzamil abolished the PVE in late pregnancy (38) . These data taken together emphasize the importance of collecting duct adaptations in mediating the renal sodium retention and volume expansion of normal pregnancy.
We have previously observed that many of the renal and hemodynamic adaptations that occur in normal pregnancy can also be induced in virgin female rats by chronic systemic vasodilation. Chronic (14-day) systemic vasodilation with the calcium channel blocker nifedipine (NIF) and the NO donor NaNO 2 produced PVE and hemodilution and increased medullary PDE5A (10) . One aim of the present study was to analyze the response of the distal nephron apical sodium transporters, ␣-ENaC in particular, during chronic systemic vasodilation. Furthermore, because sodium retention in the collecting duct is under tight regulation by angiotensin II (ANG II) and aldosterone, an additional aim of this study was to determine if the vasodilation-mediated changes required an intact renin-angiotensin-aldosterone system (RAAS).
METHODS

Animal experiments.
Animal experiments were carried out using virgin female Sprague-Dawley rats (Harlan Laboratories) at the University of Florida in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Protocols were reviewed and approved by the University of Florida Institutional Animal Care and Use Committee. Rats were anesthetized with isoflurane (IsoFlo; Abbott Laboratories, North Chicago, IL), and telem-etry transmitters (Data Sciences, St. Paul, MN) were implanted in the left femoral artery. Rats were allowed 7-10 days to recover from surgery before data acquisition. Mean arterial pressure (MAP) was recorded continuously for 5 min every 30 min as described (32 Plasma measurements. On day 14 of treatment, rats were anesthetized with isoflurane, and the right femoral artery and vein were cannulated. A baseline arterial blood sample was taken for determination of hematocrit, and a "blank" was taken for the Evan's blue measurement. Following baseline collection, 250 l of Evan's blue dye (0.3 mg/ml; Sigma) were injected in the venous line. The line was then flushed with 200 l of isotonic saline. Arterial blood collections (300 l) were taken at 5 and 10 min after dye infusion and used to calculate PV as described previously (10) . At the end of the experiment, the kidneys were removed, separated into cortex (CTX), outer medulla (OM), and inner medulla (IM), snap-frozen in liquid nitrogen, and stored at Ϫ80°C.
Western blot analysis. Protein abundances were detected using Western blotting as previously described (39) . Briefly, 200 g of kidney CTX and 100 g of IM or OM were loaded for PDE5A; and 100 g of CTX and 75 g of OM or IM were loaded for the thiazide-sensitive sodium-chloride cotransporter (NCC) and the three subunits of the amiloride-sensitive ENaC (␣-, ␤-, and ␥-subunits of ENaC). Samples were loaded on 7.5% polyacrylamide gels and separated by electrophoresis. We used rabbit polyclonal antibodies against NCC and ENaC subunits produced in this laboratory using the sequence and protocol as previously described (20) . Membranes were incubated overnight with a specific antibody for PDE5A (1:500 dilution; sc-32884, Santa Cruz Biotechnology, Santa Cruz, CA) and for two nights for the antibodies NCC (1:1,000 dilution), ␣-ENaC (1:1,000 dilution), ␤-ENaC (1:500 dilution), and ␥-ENaC (1:500 dilution). Blots were then incubated with a goat anti-rabbit IgG-HRP secondary antibody (1:8,000 dilution; sc-2004; Santa Cruz Biotechnology). Bands of interest were visualized using enhanced chemiluminescence reagent (Supersignal West Pico; Thermo Scientific, Rockford, IL) and quantified by densitometry (VersaDoc imaging system and Quantity One Analysis software; Bio-Rad). Densitometry was normalized to Ponceau staining (Sigma) and controls, with the mean for the control group being defined as 100%. Densitometric analysis for NCC and ENaC subunits was additionally normalized to kidney CTX positive control.
Statistical analysis. Data are given as means Ϯ SE. An unpaired t-test, one-way ANOVA, or repeated-measures one-way ANOVA with Tukey's post hoc was performed. The null hypothesis was rejected at P Ͻ 0.05.
RESULTS
MAP.
In control (CON) animals, MAP remained constant throughout the 14 days (Fig. 1) . MAP was reduced to the same extent in NIF-treated animals with and without SPR, whereas rats treated with NIF and LOS and rats treated with ENAL had greater reductions in MAP (Fig. 1 ). The mean decreases in MAP over the 14 days were 7.4 Ϯ 0.5% in NIF, 6.33 Ϯ 0.5% in NIF with SPR, 13.3 Ϯ 0.9% in NIF with LOS, and 12.0 Ϯ 0.4% in ENAL-treated animals vs. baseline MAP levels.
Plasma measurements. PV was increased by NIF treatment (as also reported earlier by us) (10), but not by NIF in combination with SPR, NIF in combination with LOS, or with ENAL treatment (Table 1) . As also shown in Table 1 , hematocrit was reduced in the NIF-and ENAL-treated groups but not when NIF was combined with SPR or with LOS.
Renal PDE5A protein expression. NIF increased PDE5A protein abundance in the renal IM (as reported previously) (10) , and this increase persisted when SPR was also administered. No changes were observed in PDE5A protein abundance in the OM or CTX of NIF or NIF ϩ SPR-treated animals ( Fig. 2A) . PDE5A protein abundance was unchanged from control in rats treated with NIF and LOS and in rats treated with ENAL in all kidney regions (Fig. 2, B and C) .
Apical sodium transporter protein expression in the distal nephron. NIF had no effect on NCC or ␣-, ␤-, or ␥-ENaC protein expression in the renal CTX, but selective increases in ␣-ENaC protein abundance were observed in the renal OM and IM. When SPR was also present, the NIF-induced increase in medullary ␣-ENaC protein abundance was prevented. The addition of SPR decreased cortical NCC abundance, but had no effect on the ENaC subunits in the renal CTX (Fig. 3, A-C) . NIF treatment with LOS had no effect on NCC or ␣-, ␤-, or ␥-ENaC protein expression in any region of the kidney (Fig. 4, A-C) . Chronic ENAL-induced vasodilation did not result in any changes in NCC or ␣-, ␤-, or ␥-ENaC protein abundance in any region of the kidney (Fig. 5, A-C) .
DISCUSSION
The main novel findings of this study are: 1) the apical sodium transporter profile of the distal nephron with chronic NIF-induced vasodilation is similar to the previously defined profile in pregnancy (38) , with a selective increase in ␣-ENaC abundance in the medulla. 2). The PVE and renal medullary adaptations (increased ␣-ENaC and PDE5A) in response to chronic vasodilation in virgin rats requires an intact RAAS. Interestingly, these individual modifications were signaled through independent pathways. The increased medullary ␣-ENaC was inhibited by MR blockade, whereas the increased medullary PDE5A was inhibited by AT 1 receptor blockade.
Schrier and colleagues have long postulated that normal pregnancy is an "underfilled" state with renal sodium retention being driven by a reduction in effective circulating volume, secondary to chronic vasodilation (34, 35) . Because renal sodium retention and PVE begin very early, within the first 6 wk of normal human pregnancy (5), the initiating signal is presumably a fall in maternal peripheral resistance, since the "fetoplacental shunt" does not open until later in gestation. We previously tested Schrier's underfill hypothesis in virgin female rats and showed that 14 days of chronic systemic vasodilation with either NIF or NaNO 2 led to PVE or "refilling" of Fig. 2 . Phosphodiesterase 5A (PDE5A) protein abundance in kidney cortex (CTX) and outer (OM) and inner (IM) medulla of CON, NIF-, and NIF ϩ SPR-treated (A), CON and NIF ϩ LOS-treated (B), and CON and ENAL-treated (C) virgin female rats after 14-day treatment. Densitometry was normalized to virgin controls with controls set at 100% and summarized as bar graphs. A one-way ANOVA with Tukey's post hoc was run in A, and an unpaired t-test was performed in B and C. Data are presented as means Ϯ SE. *P Ͻ 0.05 vs. CON. the vasculature, as well as increased PDE5A protein abundance in medulla (10) . The similarity in medullary responses to these two structurally and mechanistically diverse vasodilators suggests that it is vasodilation "per se" that initiates these renal changes. In the present study, chronic vasodilation of the virgin rat with NIF again resulted in PVE and increases in medullary PDE5A and also increases in medullary ␣-ENaC protein abundance. Although the ␣-ENaC is distributed throughout the entire collecting duct, we found no difference in the protein abundance of ␣-ENaC in the renal CTX in underfilled virgins. Differential regulation of ␣-ENaC in the kidney CTX and medulla has been previously reported in streptozotocin-induced diabetic rats, rats receiving the AT 1 receptor blocker candesartan, rats receiving E prostanoid-1 receptor agonists, and in nucleotide receptor P2Y 2 knockout mice (11, 14, 41) . We found no change in renal cortical NCC (an aldosterone responsive sodium transporter in the distal tubule) with NIF-induced chronic vasodilation in the present study, although Wang et al. did report increased NCC using a much higher dose of NIF (37) . However, in normal pregnancy, we also observed that cortical NCC was unchanged (38) ; thus, the chronic systemic vasodilation in virgin female rats in the present study recapitulates the changes seen in normal pregnancy (24, 38) . The renal sodium retention of normal pregnancy is accompanied by early and sustained activation of the RAAS (5, 17, 34), a physiological response to an "underfill" signal. Here we investigated the importance of the RAAS in mediating the collecting duct changes that facilitate renal sodium retention in response to chronic vasodilation in nonpregnant rats. In the first series, we found that antagonism of the MR with SPR did not prevent the increased medullary PDE5A; however, AT 1 receptor blockade with LOS did prevent the increase, suggesting that ANG II is mediating the increased PDE5A. NIF ϩ SPR did prevent the increased PVE and medullary ␣-ENaC protein abundance, suggesting that aldosterone mediates the increased ENaC abundance in medulla (as anticipated), which plays a primary role in the sodium retention leading to PVE. Although ENaC is responsible for only ϳ2% of sodium reabsorption, the collecting duct is the principal site of determination of net sodium balance (16, 18) . Furthermore, we recently demonstrated that ENaC activity is necessary for maintenance of PVE in the late pregnant rat (38) . In the second series, we used ENAL as a different method of chronic vasodilation. ENAL decreases blood pressure by reducing total peripheral resistance (29, 36) . The mechanism of this vasodilation is in part the result of the increased concentration of bradykinin, since ACE inhibitors also block kininase II, which degrades bradykinin (36) . The purpose of using the ENAL alone was to use an agent that induced peripheral vasodilation (decreased total peripheral resistance) but interrupted the RAAS by ACE inhibition. As with NIF, MAP fell during the 14-day treatment period, but after ϳday 5 the decline was greater with ENAL than with NIF. There was no PVE with ENAL, which probably led to the greater eventual fall in blood pressure because of a failure to "refill" the expanded vasculature. Despite no evidence of PVE, there was a fall in hematocrit, which may seem counterintuitive. However, ANG II (via the AT 1 receptor) stimulates renal erythropoetin release and thus erythropoesis, and both ACE inhibitors and AT 1 receptor antagonists lower hematocrit because of decreased erythropoeisis (7, 12, 19) .
With both ENAL-induced chronic vasodilation and NIF ϩ LOS there was no increase in either medullary ␣-ENaC or PDE5A protein abundance. Because upregulation of PDE5A was prevented by ACE inhibition and AT 1 receptor blockade, but not MR blockade, this suggests that ANG II signaling in the renal medulla is directly regulating PDE5A expression. This relationship has already been reported in tissues from nonpregnant animals. For example, in rat aortic vascular smooth muscle cells, ANG II increases PDE5A expression via the AT 1 receptor, ERK1/2 pathway (13). Also, ANG II increases PDE5A mRNA, protein, and enzyme activity in the left cardiac ventricle of rats (22) . All of the components of RAAS are present in the kidney, and RT-PCR of microdissected tubules has identified the AT 1 receptor in the cortical, outer medullary, and inner medullary collecting duct (23) . However, there are conflicting reports regarding the regulation of angiotensin receptors in pregnancy. One group has found unchanged renal cortical AT 1 receptor protein levels, increased AT 2 receptor, and increased AT 1 receptor/AT 2 receptor heterodimerization in the late pregnant rat kidney (1). Another group found no change in whole kidney mRNA or protein expression of AT 1 receptor or AT 2 receptor throughout gestation in the rat (8) . Expression and abundance of angiotensin receptors along the tubule have yet to be investigated in pregnancy. Although ANG II sensitivity to the renal circulation is reduced in pregnancy (6, 9) there are conflicting reports regarding tubular sensitivity (26, 40) . More studies are needed to establish the direct effects of ANG II on the renal tubule during pregnancy. Since the current and previous work highlights the regional specificity of modifications occurring in the kidney, it will be important to characterize the intrarenal RAAS during pregnancy.
Perspectives and Significance
In summary, this study gives further support for the underfill hypothesis as a mechanism driving renal sodium retention and volume expansion and highlights the importance of the RAAS in mediating the protein changes that facilitate the PVE. In addition to pregnancy, this work has implications for edematous disorders such as cirrhosis, heart failure, and nephrotic syndrome. These patients are thought to have decreased effective blood volumes, and therefore the pathological sodium and water retention occurring in these patients could be the result of arterial underfilling. Insight into these mechanisms could provide potential molecular targets for therapy.
